ABSTRACT: Among the major obstacles to pharmacological and structural studies of integral membrane proteins (MPs) are their natural scarcity and the difficulty in overproducing them in their native form. MPs can be overexpressed in the non-native state as inclusion bodies, but inducing them to achieve their functional three-dimensional structure has proven to be a major challenge. We describe here the use of an amphipathic polymer, amphipol A8-35, as a novel environment that allows both -barrel and R-helical MPs to fold to their native state, in the absence of detergents or lipids. Amphipols, which are extremely mild surfactants, appear to favor the formation of native intramolecular protein-protein interactions over intermolecular or protein-surfactant ones. The feasibility of the approach is demonstrated using as models OmpA and FomA, two outer membrane proteins from the eubacteria Escherichia coli and Fusobacterium nucleatum, respectively, and bacteriorhodopsin, a light-driven proton pump from the plasma membrane of the archaebacterium Halobacterium salinarium.
from Carlo Erba Réactifs/Solvants, Documentation, Synthè-ses. Sephadex LH-60 and Superose 12/HR were from Pharmacia. Sodium azide, soybean trypsin inhibitor (type I-S), and all-trans-retinal were from Sigma. Diphytanoylglycerophosphocholine (diPhPC) was from Avanti Polar Lipids (Alabaster, AL). Bacteriological peptone was from Oxoid. Trisodium citrate, potassium chloride, and magnesium sulfate were from Normapur, and other salts were from Sigma. All aqueous solutions were made in water purified on a Milli-Q system (Millipore). A8-35 (batches FGH15 and FGH20) was synthesized and purified by F. Giusti (UMR 7099) as described in refs 10 and 11.
Buffers. Borate/NaOH buffer consisted of 10 mM borate (pH 10.0) and 2 mM EDTA. KCl/Tris buffer consisted of 1 M KCl and 10 mM Tris (pH 7.2). SDS buffer consisted of 5% (w/v) SDS, 0.025% (w/v) NaN 3 , and 50 mM sodium phosphate (pH 7). K buffer consisted of 150 mM KCl, 0.025% NaN 3 , and 30 mM potassium phosphate (pH 7). Na buffer consisted of 100 mM NaCl, 0.025% NaN 3 , and 20 mM potassium phosphate (pH 7).
Isolation of OmpA and FomA. OmpA was isolated from E. coli as described previously (16) and stored in the unfolded form in borate/NaOH buffer containing 8 M urea. E. coli B strain PC2889 harboring the pET-10953 plasmid for expression of FomA was a generous gift from H. Jensen (University of Bergen, Bergen, Norway). FomA was isolated as previously described (17) . Inclusion bodies of FomA were solubilized in borate/NaOH buffer containing 10 M urea. The absence of lipids in the preparations (cf. ref 16) was routinely checked by phosphate determination.
Preparation of SDS-Solubilized Purple Membrane. H. salinarium (strain S9, a gift of G. Zaccaï, IBS, Grenoble, France) was grown on bacteriological peptone (12 g/L) and purple membrane (PM) isolated as described previously (18) . BR was denatured by incubating PM (1 g/L) in SDS buffer for 2 h at room temperature in the dark. The material was totally solubilized (no pellet after centrifugation for 10 min at 80000g). Visible spectra indicated the complete absence of native BR (absence of an absorbance peak around 550 nm; see Figure 3A) .
Preparation of SDS-Solubilized Delipidated Bacterioopsin (dBO).
Lyophilized PM was solubilized at room temperature in 88% formic acid, as described in refs 19 and 20 for bleached PM. Addition of formic acid entailed immediate bleaching of BR, as reflected by the color of the sample turning from purple to yellow. After 5 min, the solution was supplemented with ethanol to yield a 30/70 (v/v) formic acid/ ethanol mixture. The final protein concentration was typically 4 g/L. The separation of dBO from lipids and retinal was performed by size exclusion chromatography in formic acid and ethanol on a 200-mL Sephadex LH-60 column (19, 20) . The absence of lipids in dBO fractions (<2% of the lipid/ BR ratio in PM) was established by thin layer chromatography using 10 cm × 12 cm silica plates and a solvent mixture of chloroform, 90% acetic acid, and methanol (65/ 35/4, by volume) (21 For CD spectroscopy, refolding was initiated by rapid 20-fold (OmpA) or 10-fold (FomA) dilution of the urea-unfolded proteins into urea-free buffer at an A8-35/protein ratio of 2/1 (w/w). Alternatively, OmpA and FomA were refolded in LDAO by diluting the urea-unfolded proteins 20-fold into urea-free buffer containing 48 mM LDAO (OmpA) or 93 mM LDAO (FomA) (6.7 or 4.3 g of LDAO/g of MP, respectively). The final concentration of refolded OmpA in A8-35 or LDAO was 46 µM. The final concentration of refolded FomA was 22 µM in A8-35 and 111 µM in LDAO. All samples were subsequently incubated for 24 h at 40°C. Prior to CD spectroscopy, refolded samples of OmpA and FomA were dialyzed at 10°C for 12 h against 2 L of borate/ NaOH buffer to remove urea, which causes high noise levels below 205 nm. The dialysis buffer was exchanged three times.
Protease Digestion. Protection of the transmembrane domains of APol-refolded OmpA and FomA against proteolysis was tested by trypsin digestion as described previously (16 (24) . The compartments were connected to the recording system via two silver electrodes coated with silver chloride, one of which (cis side) was grounded and the other of which (trans side) was connected to a custom-designed trans-impedance amplifier. For reconstitution, MP-A8-35 complexes were simply added to the cis compartment of the Teflon chamber. The films were tested for integrity by checking their reflectance, resistance, and capacitance. A voltage of 100 mV (OmpA) or 10 mV (FomA) was applied (25, 26) . Current signals were recorded at 22°C, with a frequency bandwidth of 100 Hz.
Renaturation of Bacteriorhodopsin. BR renaturation was carried out by precipitating dodecyl sulfate as its potassium salt (KDS), as described in ref 20, except for the substitution of A8-35 to the mixture of lipids and taurocholate used in the earlier work. A8-35 was added, at ratios of 2, 5, or 10 g of A8-35/g of BO, either to SDS-solubilized PM or to dBO in SDS buffer supplemented with retinal at a 1.3/1 retinal/ BO molar ratio. After a 15 min incubation at room temperature, the solution was supplemented, while being vigorously stirred, with enough KCl (4 M) to bring the nominal concentration of free K + ions to 150 mM (see ref 20) . After 30 min, the KDS precipitate was removed by two 5-min centrifugations at 6000 rpm (∼6000g) in a Hettich Mikro 12-24 centrifuge. The supernatant, initially slightly turbid due to the presence of KDS microcrystallites, was dialyzed twice against 100 volumes of K buffer for a total of 48 h at room temperature to remove residual dodecyl sulfate. The final concentration of renatured BR was in the range of 0.
Characterization of Renatured BR Samples. The extent of renaturation was estimated by comparing the A 280 /A 554 ratio of dark-adapted samples to that of native BR in OTG. Spectra were recorded at room temperature in 100 µL quartz cuvettes (Hellma) on a Hewlett-Packard HP-8453 spectrophotometer. Stokes radii were determined by size exclusion chromatography on a Superose 12/HR column equilibrated in K buffer, connected to an Ä kta system (Pharmacia). Elution profiles were typically followed at 280, 382, and 554-570 nm. Light adaptation was induced by exposing the sample to white light for 4 min at 4°C.
Circular Dichroism Spectroscopy and Spectral Analysis. Far-UV CD spectra of 46 µM OmpA and 22 or 111 µM FomA were recorded on a Jasco 715 CD spectropolarimeter using a a 0.1 mm cuvette. Twelve scans, from 200 to 250 nm (from 205 to 250 nm for unfolded protein in urea) with a response time of 16 s, a bandwidth of 1 nm, and a scan speed of 20 nm/min, were accumulated and averaged. Background spectra without MP were subtracted for all samples. The recorded CD spectra were normalized to obtain the mean residue molar ellipticity, [Θ](λ), in degrees square centimeters per decimole:
where l is the path length of the cuvette in centimeters, Θ(λ) is the recorded ellipticity in degrees at wavelength λ, c is the concentration in moles per liter, and n is the number of amino acid residues, 325 for OmpA and 352 for FomA.
Time-ResolVed Absorption Spectroscopy. Absorption changes associated with the photocycle of BR were recorded on a home-built instrument (27) . The photocycle was triggered by a 640 nm pulse with a duration of 5 ns (FWHM) from a frequency-doubled Nd:Yag laser. Time-resolved absorption changes were followed using monochromatic laser pulses provided by an optical parametric oscillator. The time resolution of the setup is 5 ns. The spectral range that was analyzed extends from 370 to 500 nm.
RESULTS

Refolding Two -Barrel Membrane Proteins, OmpA and
FomA. The 171 N-terminal residues of OmpA span the outer membrane of E. coli as an eight-stranded -barrel (28), while its 154 C-terminal residues form a periplasmic domain. OmpA functions as a small ion channel (25) and as a structural protein (29, 30) . Previous studies have shown that, following transfer from detergent solution to A8-35, (i) the transmembrane domain of OmpA retains its native threedimensional (3D) structure and (ii) the polymer associates noncovalently but very tightly with the hydrophobic surface of the -barrel (15, 31) . FomA, thought to fold into a 14-strand transmembrane -barrel (32), forms voltage-dependent channels and is likely involved in the binding of fusobacteria and Streptococcus sanguis to the surface of teeth (see ref 33 and references therein). Its interactions with APols have not been studied previously.
When solutions of urea-unfolded OmpA or FomA were diluted 20-fold in urea-free buffer in the presence of A8-35, both proteins remained soluble, instead of aggregating and precipitating as they do in the absence of surfactant (34) . Circular dichroism (CD) spectra (Figure 1B,C) were similar to those of native OmpA and FomA in detergent micelles (32, 35) .
Folded and unfolded forms of OmpA and FomA can be distinguished by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), provided the samples are not heat-denatured. The apparent molecular masses of the unfolded and native forms are 35 and 30 kDa for OmpA (36) and 40 and 37 kDa for FomA (37) , respectively. When OmpA and FomA, transferred from urea to A8-35, were analyzed by SDS-PAGE, both proteins migrated as their native form ( Figure 1D,E) .
The degree of membrane insertion of OmpA and FomA can be determined by protease digestion, their transmembrane domains being protected by the lipid bilayer (33, 36) . In Figure  2B ). Again, this difference disappeared upon addition of A8-35 in trans. The two -barrel proteins therefore appear fully functional after refolding in APols and being transferred to a lipid bilayer. The ability of A8-35-associated OmpA and FomA to integrate into preformed black films is consistent with previous observations showing that an APol-trapped membrane enzyme, diacylglycerolkinase, can spontaneously partition into lipid vesicles, where it is functional (39) .
Refolding an R-Helical Membrane Protein, Bacteriorhodopsin. MPs with either a -barrel or an R-helical transmembrane structure fold according to widely different principles. Renaturation experiments therefore were undertaken using bacteriorhodopsin (BR), a paradigmatic R-helical MP. BR, whose transmembrane domain is made up of a bundle of seven R-helices (see ref 40 and references therein), accumulates in the plasma membrane of H. salinarium, forming the so-called purple membrane (PM) patches, where it is the sole protein. Thanks to a covalently but loosely bound cofactor, retinal, BR functions as a light-driven proton pump (18) . When native BR is transferred from an octyl thioglucoside (OTG) solution to A8-35, its absorption spectrum is not affected, including the blue shift induced by solubilization, and it becomes markedly more stable (7, 41) . Denatured BR releases its cofactor, whose main absorption peak shifts from ∼555 nm (dark-adapted BR) to 382 nm (free retinal). BR was the first R-helical MP ever to be renatured, after complete unfolding in organic solvents and transfer to SDS, using as the refolding medium either mixed lipid/detergent micelles (19) or lipid vesicles (20) , which established that its native state lies at a free energy minimum (19) . Upon renaturation, retinal spontaneously rebinds to the refolded apoprotein, regenerating the characteristic purple color of the holoprotein.
In a first set of experiments, PM was solubilized in SDS, yielding a mixture of PM lipids, bacterioopsin (BO), and retinal in a 1/1 BO/retinal molar ratio. This solution, whose near-UV absorbance spectrum is identical to that of free retinal ( Figure 3A) , reflecting the absence of native BR, was supplemented with A8-35 in various mass ratios, and dodecyl sulfate precipitated as its potassium salt (KDS) (20) . The purple color of BR started to develop within minutes. After centrifugation of KDS crystals and removal of residual dodecyl sulfate by dialysis, UV-visible absorption spectra indicated that BR renaturation was partial at a 2/1 A8-35/ BO mass ratio and complete at mass ratios of either 5/1 or 10/1 ( Figure 3A ). When size exclusion chromatography was conducted, the refolded BR migrated mostly as monomeric BR/APol particles at the latter two ratios, while aggregation was conspicuous at the lowest one ( Figure 3B ).
An important theoretical and practical issue when attempting to refold MPs is the extent to which their native environment must be mimicked, in particular by including lipids in an attempt to emulate the physical and chemical properties of a bilayer. Refolding of BR was therefore attempted starting from delipidated BO (dBO): PM was denatured in formic acid (19) , the solution supplemented with ethanol, and the apoprotein separated from lipids and retinal by size exclusion chromatography. Unfolded dBO in a formic acid/ethanol mixture was supplemented with solid SDS and transferred to an aqueous SDS solution by dialysis (20) . The absence of PM lipids, which was checked by thin layer chromatography (see Experimental Procedures), is consistent with the complete absence of a retinal absorbance peak in the UV spectra of the dBO fractions ( Figure 3C ). After supplementing the solution with retinal and A8-35, renaturation was carried out as for SDS-solubilized PM. UV-visible spectra indicated a high degree of refolding (60-80%) ( Figure 3C ). A8-35-refolded, lipid-free BR was stable for at least three weeks at 4°C, giving no spectral indication of any denaturation. Control experiments carried out under comparable conditions using detergents instead of APols as the acceptor medium showed lower levels of renaturation, ranging from negligible (octyl glucoside, OTG, C 8 E 4 ) to mediocre (∼ 1 / 3 in Triton X-100) to fairly good (∼ 2 / 3 in dodecyl maltoside) (not shown). Renaturation by transfer to A8-35 was also observed using other methods for displacing SDS, such as dilution into an excess of APol or dialysis of SDS from a SDS/APol solution (not shown).
Upon illumination with white light, A8-35-refolded BR underwent the characteristic red shift that indicates that the photocycle is active and populates the light-adapted state (not shown). The functionality of APol-refolded, lipid-free BR (rdBR/APol) was further explored by monitoring the photocycle induced by exciting the light-adapted protein at 640 nm with a 5-ns laser flash. In the explored spectral range (370-500 nm), transient absorption changes, followed over a 10 ns to 100 ms time scale, were virtually identical to those observed with A8-35-trapped, lipid-associated native BR (nBR/APol), which themselves are similar, although not identical, to those observed in a detergent solution (nBR/ OTG) (Figure 4) . A discussion of the nature and origin of differences between photocycle kinetics of BR in either a detergent or an APol environment is beyond the scope of this work and will be presented elsewhere.
DISCUSSION
The observations described in the present article, are of both basic and practical interest. From a theoretical point of view, it is remarkable that several structurally highly different MPs could be refolded in a medium so unlike their native membrane environment. When solutions of denatured MPs are depleted of denaturant, in our examples, urea or SDS, in the presence of APols, refolding proteins must find themselves entangled with an amphipathic polymer whose physical and chemical properties bear little similarity with those of a membrane environment. Nevertheless, they reach their native fold with high efficiency, and this even in the complete absence of lipids. This strongly suggests that, at least for the particular set of MPs studied here, the detailed chemical composition and physical properties of the environment are not essential in determining the conformation of the polypeptide chain that features the lowest standard free energy: the availability of a nondenaturing amphipathic screen that shields the transmembrane region from water suffices, the rest of the physical and chemical information needed to achieve the native 3D structure being provided by the amino acid sequence. This is consistent with the view that detergents interfere with refolding, and are inactivating, more because of their dissociating properties (they compete with stabilizing protein-protein and protein-lipid interactions) than because they do not provide bilayer-like constraints (cf. ref 42) . It is well-established that their membrane environment can affect the structure, stability, and function of MPs. The data presented here suggest that, at least for the three proteins studied, the amino acid sequence nevertheless encodes sufficiently strong constraints for the native state to be reached in an environment that mimics, at best, only very crudely that in which the protein naturally inserts in vivo.
BO preserves (or, after being transferred from organic solvents, recovers) some secondary structure in SDS (19) and likely exposes to its surroundings R-helical hydrophobic surfaces. Since it is known that, in the simultaneous presence of detergent and APols, mixed surfactant layers surround native MPs (see, e.g., refs 8, 12, and 43) , it is possible that, upon addition of A8-35, partially folded helices become surrounded by a mixture of APols and SDS. Denatured OmpA and FomA, on the other hand, do not exhibit any hydrophobic surfaces whether in urea solutions or water (16, 34) . In our experiments, where denatured -barrel proteins simultaneously experience urea dilution and exposure to APols, the hydrophobic surface of the barrel does not exist prior to the transfer. APol-mediated refolding of the two types of MPs therefore may well involve quite different steps and transient modes of association with APols before the native structure is reached.
Why APols, which are perfectly foreign molecules, unlike any of those with which a MP normally comes into contact with in a cell, provide a favorable medium for refolding will deserve a detailed investigation. We can, at this stage, provide only tentative suggestions ( Figure 5 ). We assume that, upon removal of the denaturant, some sequence regions start to refold, and specific interactions between protein secondary structure elements reappear. Those can be intramolecular, which can lead either to renaturation, if they are native-like ( 1 ), or, if they are not, to misfolding ( 3 ), or intermolecular, which creates aggregation ( 4 ). Protein-surfactant interactions, competing with protein-protein ones, may prevent their re-formation ( 2 ). One of the key difficulties in refolding MPs is to identify conditions that favor path 1 over the others and/or permit recovery from non-native states. One way to avoid aggregation is to immobilize MPs to be refolded onto a solid matrix, preventing intermolecular interactions (44) (45) (46) . In solution, on the other hand, a delicate balance must be reached between keeping the refolding proteins apart, in preventing aggregation, and hampering renaturation by overly dissociating an environment. The rationale behind the efficiency of A8-35 at promoting refolding is, very likely, that it has enough affinity for MPs to prevent or slow intermolecular associations between refolding proteins, while being unable to block the (re)formation of those intramolecular interactions that determine and stabilize their 3D structure ( Figure 5 ). This may be related to the fact that the multipoint attachment characteristic of APols can provide high-affinity binding even in the absence of strong local interactions. A8-35, in this hypothesis, could be considered as enclosing refolding MPs in a sort of protective, nondenaturing "bubble", much in the same manner as chaperone proteins like GroE facilitate in vivo folding of soluble proteins (47) . The same mechanism may well contribute to the protection of APol-trapped native MPs against denaturation.
The fact that A8-35 provides an efficient refolding medium for one R-helical and two -barrel MPs suggests that this procedure could possibly be extended to other MPs. Given the considerable basic and biomedical importance of obtaining large amounts of properly folded MPs for structural and pharmacological studies and the problems presented by largescale expression of most MPs in their native form, APols may represent an attractive alternative tool for folding them from inclusion bodies. Once folded in APols, MPs will not necessarily need to be exposed to detergents, since many functional or structural studies, including ligand binding measurements (13) and solution NMR investigations (15) , can be carried out directly on MP-APol complexes. Alternatively, APols, once renaturation is over, can easily be replaced either with detergents (31, 43) or with lipids. The latter exchange can be achieved either directly, by exposing MP-APol complexes to a preformed membrane (ref 39 and this work), or indirectly, via a detergentassociated intermediate that is then subjected to conventional reconstitution.
